ABSTRACT This paper describes an innovative approach to radio channel characterization in UMTS and LTE mobile networks. In place of traditional drive tests (DT), which employ a single test mobile, a massive collection of georeferenced radio measurements is made from a wide population of user equipment (UE). This is possible with new 3GPP features, called ''minimization of DTs'' (MDT), which are implemented in the last generation UEs and enable the reporting of additional periodical measurements, including GPS position and estimated UE distance (i.e. delay) over the radio path. This opens to new fields of investigation in the mobile radio channel, unreachable with the legacy DT approach, such as multipath and Doppler analysis. The UE MDT data of UMTS and LTE RAN of Telecom Italia Mobile, in the Italian midsized city of Bologna, have been statistically analyzed. The big data elaboration has been performed with the Nokia proprietary system ''GeoSynthesis.'' The results give a high-resolution geographical view of the abovementioned channel phenomena affecting the quality and user experience. They are in good accordance with network performance indicators: the higher the multipath time, the worse the decoding performance of radio blocks (block error rate). The estimated Doppler shift also fits the known mobility patterns in the urban environment.
I. INTRODUCTION
Field measurements in mobile networks are nowadays limited to few coverage indicators (received signal strength, quality, interference) and some performance indicators (connection setup times, drops, radio resource management, data speed) detected by the UE. A deeper inspection of the radio propagation channel towards multipath analysis, fading and Doppler characterization, is currently possible only in a lab environment, under controlled conditions and with a very limited number of test UEs. This target is completely out of reach in a real field environment: one can observe the ultimate effects of a perturbated radio channel onto service quality and performance, but not the root cause itself. This is the rationale of this paper: a thorough analysis of some key quantities (multipath time, coherence bandwidth, Doppler shift) of propagation channels in mobile networks, by exploiting massive radio measurements from customers' UEs, periodically sent to the network and statistically analyzed.
A. MULTIPATH TIME AND COHERENCE BANDWIDTH
In a cellular environment, the propagation path greatly differs from a straight line, being the line of sight blocked by natural obstacles or buildings; the main path is thus formed by reflections. The distance measured and reported by the Base Station (BS) along the propagation path between UE and BS does not represent the ''real'' distance between them, because it is overestimated.
The most likely scenario is to have not just one path, but multiple paths for the same radio link. Multipath is the propagation phenomenon that results in radio signals reaching the receiving antenna by two or more paths [1] , [2] . Fading refers to the distortion experienced by a modulated carrier over certain propagation media [3] - [5] . In wireless systems, when fading is due to multipath propagation, it is sometimes referred to as multipath induced fading [6] , [7] .
The mathematical model of the multipath can be presented with the method of the impulse response used for studying linear systems. When transmitting a Dirac pulse:
at the receiver, due to multiple paths, more than one pulse will be received, and each of them will arrive at different times. The received signal will be expressed as:
ρ n e jϕ n δ(t − τ n ) (1) where N is the number of received impulses (equivalent to the number of electromagnetic paths, and possibly very large), τ n is the time delay of the generic n-th impulse, and ρ n e jφ n represents the complex amplitude (magnitude and phase) of the generic received impulse. Therefore, y(t) also represents the impulse response function h(t) of the equivalent multipath model.
One parameter is often used to denote the severity of multipath conditions: the so-called multipath time or delay spread (T M ), defined as the time delay between the first and the last received impulses:
The multipath phenomenon can be also described with the channel transfer function H (f ), which is defined as the Fourier transform of the impulse response h(t):
Being a sum of complex sine-cosine functions, the obtained channel transfer characteristic H (f ) typically appears as a sequence of peaks and valleys (notches); on average, the distance in the frequency domain between two consecutive valleys (or two consecutive peaks) is roughly inversely proportional to the multipath time. The so-called coherence bandwidth is thus defined as
If the frequency-selective channel keeps the notch within the band, demodulation errors cannot be easily removed, unless frequency hopping techniques are used. Section III describes how T M and B C are estimated with the proposed methodology, results are presented in Section IV.
B. DOPPLER SHIFT AND FADING DURATION
It is well known that Doppler shift is the change in frequency experienced by an observer (UE in this case) with relative movement to the wave source (BS antenna in this case). From the UE speed v and carrier center frequency f 0 , the absolute Doppler shift f d can be derived as:
Assuming no dominant path between the transmitter (BS) and the receiver (UE), as in the urban environment analyzed in this paper, the fading statistics can be well modeled with a Rayleigh distribution. In that case, the average fading duration (AFD) depends on the Doppler shift and can be calculated as:
where ρ = E thr /E rms is the threshold in terms of electric field E, normalized to the round mean square signal (RMS) level [20] . The average fading duration says how long the signal (i.e. the electric field E) stays below a certain threshold, being the threshold expressed as electric field E thr normalized to its round mean square E rms . The results are presented in Section IV.
II. THE MDT APPROACH TO NETWORK ANALYSIS
This paper is focused on the characterization of a multipath propagation environment -multipath time or coherence bandwidth, and Doppler shift -with an innovative approach, based on the so-called MDT features, specified in [8] for both UMTS (Universal Mobile Telecommunication System, 3 rd generation 3GPP standard for mobile communications) and LTE (Long Term Evolution, 4 th generation 3GPP standard for mobile communications). MDT features enable the UE to periodically send a large set of measurements from Layer 2 -Medium Access Control (MAC), specified in [9] and [10] -and Layer 3 -Radio Resource Control (RRC), specified in [11] and [12] . Among them, the estimated distance between UE and BS, which is used to find local differences between line-of-sight distance and distance over the radio link, and see how the latter changes in time. Variations of propagation delays lead to estimation of key channel parameters e.g. multipath time and coherence bandwidth. These measurements are normally performed by the UE in idle and connected mode, for routine procedures (cell reselection, handovers, quality reporting, link adaptation algorithms, etc.), but not necessarily in a periodic manner and with direct reporting to the network. With the MDT features, the UE is not forced to measure anything more than it normally does (no additional processing load), but it is just requested to share those measurements periodically with the network. If the GPS receiver is enabled, the UE position can also be reported periodically, and this opens a great chance to measurements' localization and aggregation per area in a statistical manner. The MDT acronym is thus explained: time consuming and scarcely significant drive tests made by few test UEs can be replaced by thousands or millions of measurements, potentially made by all mobiles in the network: the statistical significance is incomparably higher, and the results reflect the real user perception. As summarized in Table 5 , the statistical basis is extremely large: ∼ 10 4 single users and ∼ 10 6 measurement reports during a couple of days. This is a significant paradigmatic change in the concept of radio field measurements of mobile networks: each single UE becomes an independent measurement equipment with its own ''virtual test lab'' including UE and BS transmitter and receiver and the real propagation environment. The characteristics of transmitting and receiving systems depend on the single UE and the specific BS the UE is connected to at a given time. It is thus a heterogeneous environment, where many UEs of different brands and categories contribute to characterize the real propagation environment, as experienced by customers. Fig. 3 shows a direct comparison between the traditional drive test method (i.e. a car with a mobile phone equipped with a georeferenced measurement setup) and the MDT data acquired by several mobile phones in the same testing places. Data are collected over the historical and port area of Ancona city (Italy). It is fundamental to notice that the amount of MDT point data is much bigger than in traditional drive tests. Furthermore, MDT data are not just a few isolated points along the car's route; they cover a widespread area, locations normally inaccessible to drive test mobiles, and deeply penetrate the urban pattern. MDT data are a collection of measurements coming from several thousands of different customers, thus giving a far more realistic insight into end-user experience.
III. MEASUREMENT METHOD
As stated in the previous paragraph, when the MDT features are enabled, UEs include additional periodic measurements, on top of the ordinary Layer 2 and Layer 3 signaling. To handle this great number of measurements, a totally new solution named GeoSynthesis has been developed by Nokia, with a specific focus on TIM's requirements on data management and radio quality analysis. The system architecture is shown in Fig. 2 . It is a MDT-based evolution of a previous version presented in [13] , and works through the following main steps:
-activation of MDT features in Radio Network Controller (RNC) for UMTS, in evolved NodeB (eNB) for LTE; -collection and parsing of raw binary logs with L2/L3 signaling, in the so-called Layer 3 Data Collector (L3DC), to pull out the required information; -further processing and statistical aggregation of parsed logs in a Big Data repository, for read access and analysis. Let's now look in detail at the periodical L2/L3 measurements available in UMTS and LTE, from UE and NB/eNB. The reported parameter values from UE shown in Tables 1-3 are according to [16] for UMTS and [10] for LTE.
In UMTS, the following measurements are available, with a tunable periodicity in the range 2-32 seconds: energy per chip before de-spreading over noise spectral density (Ec/N0), received signal code power (RSCP), transmission power of user equipment (UeTxPwr), downlink block error rate (DL BLER), UE Rx-Tx time difference type 1 (UeRxTxTD1), round trip time (RTT), signal-to-interference ratio (SIR) and SIR error, GPS position. The periodic reporting of these quantities in a coherent manner allows to correlate radio measurements with geographical position. For the present purpose, the focus is on the estimation of the UE distance from serving BS, as it appears in periodic measurements. In UMTS, NB measures RTT and is asked by RNC to report it over NB Application Protocol (NBAP, specified in [14] ); UE measures the UeRxTxTD1 and is asked by RNC to report it over the RRC protocol, specified in [11] . The RTT is the two-way overall time spent by the signal to travel from NB to UE and to come back to NB, including the processing time inside the UE. The UE needs to manage both uplink and downlink radio frames, so it introduces a shift (UeRxTxTD1) between the transmission of the uplink DPCCH frame and the reception of first detected downlink DPCH frame, for a given radio link. This contribution may last several chips, so it cannot be discarded when estimating the distance [15] . Tables 2 and 3 , a reported value means that the measured value falls in an interval with uniform probability. Taking the mid-point for each interval, a negative offset of 0.5 units is applied. Since the UMTS chip time is the reciprocal of the UMTS standard chip rate of 3.84 Mchip/s, i.e. ≈ 260 ns, which corresponds to a chip length over the radio path of ≈ 78 m, the one-way distance between UE and NB can be estimated for each radio link (i.e. each cell in the active set) as:
For both measurements in
where i = 1, 2, 3 is the order of the cell in the active set (i = 1 refers to the best server cell). For LTE, the following periodical measurements are available, with a periodicity of 5 s: reference signal received power (RSRP), reference signal received quality (RSRQ), timing advance (TA), power headroom (PHR), uplink signal-tointerference plus noise ratio (UL SINR), GPS position. The reported values are according to [10] . To the same purpose as before, i.e. the estimation of the distance between UE and BS from periodic measurements, the eNB calculates and reports over Layer 2 the absolute timing advance (TA). The absolute TA value is the two-way propagation delay, i.e. delay of the signal eNB → UE → eNB. According to [10] , a single TA step is calculated in meters as follows:
where T s is the LTE basic time unit:
According to Table 4 , a reported value of TA means that the measured value falls in an interval with uniform probability. Taking the mid-point of each interval, an offset of 39 meters is applied, so the one-way distance in meters between UE and eNB can be estimated as: Fig. 4 shows the cumulative distribution of measured distance over the radio path for UMTS and LTE (the discontinuity here is due to the TA granularity of 78 m): the percentage of samples below 50 m is negligible. For an antenna radiating in free space, the far field starts at a distance 2D 2 /λ. If such hypothesis was applied to the BS antenna array configuration VOLUME 7, 2019 FIGURE 4. Cumulative distribution of measured distance over the radio path in UMTS and LTE. of D = 1.5 m length, the Fraunhofer region would begin at ≈ 39 m for the highest band (2600 MHz), at even shorter distance for the other bands (800, 1800 and 2100 MHz). A recent work [18] shows that the far-field of dipole antennas located over a ground plane depends both on the dielectric characteristics of ground and mainly on the antenna height above the ground. For a dipole antenna placed 10 m above an imperfectly conducting ground of relative permittivity ε = 4.0 and electric conductivity of σ = 2 × 10 −4 mhos/m, (representing the properties of a typical urban ground), the far electric field computed at 2 m from the ground might even start very far from the antenna, e.g. well above 100 m at 1 GHz. In a real scenario where BS antennas are located at different heights in both urban and dense urban environments, it is difficult to define the correct range for the far field due to non-uniform ground matter and the presence of surrounding buildings. Fig. 5 shows the distribution of difference between estimated and geographical distance: as expected, the estimated distance is normally longer than the geographical due to non-line-of-sight propagation paths, with a polarization around 78 m (UMTS chip length).
The measured downlink pathloss (i.e. the difference between the received signal strength at UE and the EIRP at BS) is reported in Fig. 6 . It is similar for UMTS and LTE, being the 50 th percentile 126 dB for UMTS and 129 dB for LTE. In cellular networks, the pathloss depends not just on the frequency but also on traffic steering strategy: LTE here uses lower frequencies than UMTS, but it has higher priority and is selected by UEs more extensively than UMTS.
The above estimations are affected by some intrinsic shortcomings, mainly due to measurement uncertainties which the method doesn't control but just takes as data. These are more related to level, quality and delay measurements (specified in 3GPP), rather than GPS measurements, which is very accurate in outdoor (uncertainty less than 10 m).
For UMTS distance, the accuracies of RTT and Rx-Tx Time Difference type 1 are ±0.5 chips and ±1.5 chips respectively, according to Table 1 . Based on equation (7), the estimated distance has an accuracy of ±39 · (0.5 · 625/1000 + 1.5) ≈ ±70 m. For LTE, according to [17] , the UE shall adjust its timing with an accuracy better than or equal to ±4 · T s which, summed to the measurement granularity of 39 m, gives an uncertainty of ±58 m.
In addition to this, the measured signal levels RSCP (UMTS) and RSRP (LTE) have accuracy requirements given by [16] and [17] , respectively.
On one hand, the distance along the radio path can be estimated with the above method; on the other hand, the geographical distance between UE and NB/eNB can be calculated from the respective GPS coordinates, assuming to count on a reliable UE position. The reliability of UE position depends on the size of uncertainty shape, which is sent by the UE along with the coordinates. According to [19] , the uncertainty shape can be a circle (defined by a radius), an ellipse (defined by major/minor semi-axes) or an ellipsoid (defined by height and major/minor semi-axes). For the present analysis, only those UE positions are considered, whose uncertainty shape has a radius or major and minor semi-axes below 39 m, which is half the length of a chip (UMTS) and half the TA step (LTE). The geographical position of NB/eNB can be assumed without uncertainty, being provided by the network operator.
Finally, the ''great circle distance'' formula can be applied to UE (y 1 , x 1 ) and NB/eNB (y 2 , x 2 ) coordinates, to calculate the line-of-sight distance (R = 6378 Km is the average Earth radius):
+ cos(y 1 ) cos(y 2 ) cos(x 2 − x 1 ) (11) For both UMTS and LTE cases, the estimated distance can then be compared with the geographical distance, to calculate how much the propagation path differs from a straight line, due to the environment.
In a situation where % is high, the estimated distance D est differs a lot from the geographical distance D geo , and the radio path is much longer. By the way, it is not sure that this corresponds to a multipath environment, because a certain path from/to specific cells might be long but stationary and not significantly changing.
To characterize a multipath environment, one should observe how the estimated distance changes with respect to itself, i.e. how spread are the distance samples reported by the UEs under the same serving cell in a certain location (pixel). The approach is as follows.
-All RTT and UeTxRxTD1 (UMTS, period 2 s) or TA (LTE, period 5 s) periodic measurement reports are selected, if they have a reliable GPS position, and used to calculate the estimated distance D est . -The GPS position is considered reliable, if its uncertainty ellipsoid is small enough: major semi-axis and minor semi-axis are both smaller than L chip /2 (39 m) for UMTS, smaller than TA step /2 (39 m) for LTE. -The D est values are statistically characterized on pixel basis (10x10 m), separately for each cell C i which has been measured and reported in that pixel; the statistic is done for each cell, because each cell has a different distance from the pixel and thus a different ''bias'' for D est (merging all cells in the pixel would overestimate the dispersion a lot). The pixel size is 10x10 meters, because it is the highest resolution currently available with the visualization tool, and the smallest area for measurement averaging. It is the best trade-off between computational efforts and measurement accuracy, considering that an UE under excellent GPS coverage provides its location to the network with an accuracy of less than 10 meters. -The minimum, maximum, average (µ i ) and standard deviation (σ i ) of D est are calculated for each cell C i within the pixel, if that cell is present in the pixel with a minimum number of samples N min (N min > 1, to calculate σ i ); if the cell is present in the pixel with less than N min samples, it is discarded. Too smallN min leads to consider many pixels, but with low confidence; high N min leads to consider a few pixels, but with high confidence. Based on the data density found, an intermediate value N min = 10 has been used in the calculations. -Considering a gaussian distribution of the delays as in Fig. 7 , the delay spread can be defined for each cell C i as a multiple of the standard deviation σ i ; considering 4σ i , it would cover ∼95% of all samples. Finally, the overall delay spread over the pixel is assumed to be the spread of the worst cell, i.e.
IV. RESULTS AND DISCUSSION
This approach has been applied to UMTS and LTE measurement data, collected in the urban area of Bologna city on October 25-26 th 2017 (48 hours). The area under trace is approximately a 3×3 Km square. The traffic mainly comes from LTE network: the number of users and the number of connections in LTE are respectively 2.5 and 5.6 times higher than in UMTS. By the way, the present analysis relies on the MDT features' penetration, i.e. on the number of UEs sending coordinates and periodic measurements: this penetration is much higher in UMTS than in LTE, so UMTS gives the highest number of samples. Fig. 8 shows the % between the geographical and estimated distance for UMTS: measurements too close to the site (< 78 m) have been excluded, to discard the ''noise'' due to measurement granularity. By the way, some areas are detected far from the BS sites, where the estimated distance is very far from the geographical one, thus showing spots of long propagation paths. In the specific case of the figure, it is a commercial center with ''regular'' metallic structures (walls, roof) which originate multiple signal reflections.
When it comes to multipath characterization, the spread of D est must be analyzed and the delay spread T M calculated. The map in Fig. 9 clearly shows the most critical areas, with the highest delay spread beyond 2 µs in red color: a portion of the old downtown, and the central railway station are the most affected. The map for LTE 1800 MHz (Fig. 10) has less samples than UMTS, because the current penetration of MDT-capable UEs in LTE is much smaller. By the way, even with a few samples, the UMTS figures are confirmed. With formula (4), the maps of delay spread can be turned into maps of coherence bandwidth, in Fig. 11 and 12 . Here the information is even more significant, because it can be compared with the signal bandwidth. With a coherence bandwidth below 500 kHz, an UMTS signal of 5 MHz statistically has at least 10 notches due to multipath fading, and this heavily affects the useful information to be transmitted.
In areas of high mobility (highways, railways) the multipath effect seems to be particularly strong, as in Fig. 13 . This can be explained observing that, in those areas, the pattern of multiple reflections changes from time to time due to UE mobility, therefore the estimated distance is spread over a wide range of values. On the other hand, a steady UE experiences a more stable multipath pattern, i.e. an estimated distance spread over a short range.
The primary effect of multipath onto received signal levels can be evaluated through the RSCP reported quantities. A similar approach as for multipath time has been used here: for each pixel, the RSCP spread has been evaluated as the max(4σ i ) of the RSCP distribution for each cell C i in the pixel. As shown in Fig. 14 , the depth of fading notches can reach very high values, far beyond 20 dB. In a mobile network, such a range in the received signal means that the user rapidly moves from excellent to poor quality, with severe impact onto connection stability and data speed. With the MDT approach, moreover, the localization of fading notches can be very accurate (10x10 m pixel), far more than any estimation with legacy statistical network indicators at cell level.
This analysis has been made for UMTS 2100 MHz and LTE 1800 MHz, i.e. in the most important bands used in TIM network; it is worth to remark, however, that the results can be used to predict how the channel will behave and affect the service, in case a certain band is re-farmed to another technology, and/or new channels are added to the same band. For example, if the coherence bandwidth of UMTS 2100 MHz is found to be in the range 5-10 MHz, that is a very good condition in the current technology, being 5 MHz the channel bandwidth of UMTS: the multipath doesn't affect UMTS service in that area. But in case that, due to the Operator's policy, the 2100 MHz band is re-farmed to LTE and 15 MHz are assigned, then the LTE service will be affected by multipath. The same multipath scenario, however, intrinsically affects more UMTS than LTE. In UMTS, the symbol decoding is done on the whole signal bandwidth (5 MHz), whilst in LTE it is done on each physical resource block (PRB) of 180 kHz.
This methodology offers other hints to the analysis. In fact, the GPS position of the UE is periodically reported, so the UE speed can be also estimated by observing subsequent GPS points (a sliding window of at least 3 points is used, to have a smooth average) and just dividing the space by the elapsed time, i.e. the time from the first to the last GPS point. Being the carrier frequency also known from network data, the Doppler shift can be estimated with equation (5) on a pixel basis, as shown in Fig. 15 .
The average fading duration (AFD) can be also derived as in Fig. 16 , assuming a fixed ratio ρ = E thr / E rms = 1, i.e. how long the electric field stays below its round mean square.
A couple of observations arise from Fig. 9 , 10 and 16. First, high mobility areas (highways, railways) have faster fading: this can still be explained observing that the pattern of multiple reflections rapidly changes due to UE speed. Secondarily, the fading duration is mainly in the range 0.1-10 ms, i.e. much longer than a chip time (UMTS: 260 ns) or a symbol time (LTE: 71.4 µs).
Since multipath fading has primarily effect onto symbol decoding [21] , there must be a recognizable relation between fading and RAN performance indicators which directly depend on symbol decoding. In a cellular system, the block error rate (BLER) is the lowest level indicator which comes from symbol decoding [22] . The BLER is the error rate in decoding MAC radio blocks, and it says how difficult the symbol decoding is: the more corrupt (delayed, distorted in phase, amplitude and frequency) the symbol constellation is, the more difficult the decision [23] [24] . So, a correlation between fading severity (in terms of T M ) and BLER can be studied by comparing the performance of cells in different multipath conditions [25] . To this goal, the following cells are selected for UMTS and LTE:
Four locations are chosen: two with a low estimated multipath and two with a high estimated multipath; for each location, two co-sector (i.e. same antenna bearing) cells are considered: one UMTS and one LTE.
As L2 integrity indicator, the MAC-hs PDU BLER is evaluated for UMTS. It is the most significant indicator, since traffic volume mostly comes from data high speed downlink packet access (HSDPA). The hourly evolution of BLER for UMTS is in Fig. 18 . Fig. 17 shows the four locations in Bologna city chosen to correlate the estimated delay spread with LTE and UMTS L2 decoding performance, which is a reliable indicator of multipath induced perturbations. Picture (a) contains a highscale map of Bologna urban area, with the four locations; pictures (b) and (c) zoom on sample cells with low delay spread; pictures (d) and (e) zoom on sample cells with high delay spread. The space resolution is the maximum achievable with the present methodology, i.e. 10x10 m.
In Fig. 18 , the four curves can be grouped in two pairs: the red and purple series refer to low multipath cells (ref. to Fig. 17b and 17c) , where the BLER is generally low, with a little dependence on the hour of the day; the green and blue series refer to high multipath cells (ref. to Fig. 17d and 17e) , where BLER regularly remains over BLER of the low multipath cells. The dependence on traffic is still visiblei.e. BLER is normally higher during busy hours (8-10 and 16-18 in this area) -but regardless of traffic the values are well distinct: cells with long multipaths show a generally higher BLER. This demonstrates that a long multipath, which intrinsically depends on the environment, affects BLER as expected.
A similar behavior is found for LTE, as reported in Fig. 19 : the BLER of the Physical Downlink Shared Channel (PDSCH) is considered here as L2 integrity indicator. Even though the BLER variability reflects the traffic evolution during the day for the same cell, there is still an evident gap in average BLER values, between short multipath cells and long multipath cells, as for UMTS. This is an evidence for the correlation between the estimated multipath and the actual end-user performance in that areas.
Recently a reverberation chamber has been extensively used with a live TIM LTE radio base station, to analyze the effect of multipath. In all the experiments, it has been found that a delay spread in the range 1-2 µ s badly affect the performances of LTE packet transmission, in terms of BLER and end-user throughput [21] , [26] - [29] . Those published results confirm the outcomes of this paper and encourage utilizing the reverberation chamber as a method to study mobile phone radio propagation in real conditions.
V. CONCLUSION
This paper is focused on a new approach to characterizing some key quantities (multipath time, coherence bandwidth, Doppler shift) of propagation channels in mobile networks, by exploitation of massive radio measurements produced by customers' smartphones, sent to the network and statistically analyzed. Thanks to innovative UMTS and LTE MDT features, recently developed by network vendors, this new methodology is now available to network operators. This approach has been applied to the UMTS and LTE live radio access network of TIM, in the city of Bologna. It shows an enormous potential to provide, in efficient and replicable way on wide areas, a detailed analysis of network quality and characterization of clutter environment. By comparing the estimated multipath delays (coherence bandwidth) in selected areas with the measured L2 decoding performance (BLER) of cells serving those areas, a good accordance has been found between high multipath and poor BLER values, thus proving the effect of multipath onto service quality. The Doppler shift, and its related effects on fading, is also estimated on small scale.
